NEUROSCIENCE
RESEARCH ARTICLE
Eric J. Nunes et al. / Neuroscience 413 (2019) 252–263
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Abstract—Drug relapse after periods of abstinence is a common feature of substance abuse. Moreover, anxiety and
other mood disorders are often co-morbid with substance abuse. Cholinergic receptors in the ventral tegmental area
(VTA) are known to mediate drug-seeking and anxiety-related behavior in rodent models. However, it is unclear if
overlapping VTA cholinergic mechanisms mediate drug relapse and anxiety-related behaviors associated with drug
abstinence. We examined the effects of VTA cholinergic receptor blockade on cue-induced cocaine seeking and anxiety during cocaine abstinence. Male Sprague–Dawley rats were trained to self-administer intravenous cocaine
(~ 0.5 mg/kg/infusion, FR1 schedule) for 10 days, followed by 14 days of forced abstinence. VTA infusion of the
non-selective nicotinic acetylcholine receptor antagonist mecamylamine (0, 10, and 30 μg/side) or the non-selective
muscarinic receptor antagonist scopolamine (0, 2.4 and 24 μg /side) signiﬁcantly decreased cue-induced cocaine
seeking. In cocaine naïve rats, VTA mecamylamine or scopolamine also led to dose-dependent increases in open
arm time in the elevated plus maze (EPM). In contrast, rats that received I.V. cocaine, compared to received I.V. saline
rats, displayed an anxiogenic response on day 14 of abstinence as reﬂected by decreased open arm time in the EPM.
Furthermore, low doses of VTA mecamylamine (10 μg /side) or scopolamine (2.4 μg /side), that did not alter EPM
behavior in cocaine naive rats, were sufﬁcient to reverse the anxiogenic effects of cocaine abstinence. Together,
these data point to an overlapping role of VTA cholinergic mechanisms to regulate relapse and mood disorderrelated responses during cocaine abstinence. © 2019 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

a critical role of the mesolimbic dopamine (DA) system,
including the ventral tegmental area (VTA) to nucleus accumbens (NAc) pathway, in cue-induced drug craving and drug
seeking (Childress et al., 1999; Phillips et al., 2003; Shaham
and Hope, 2005; Volkow et al., 2006; Solecki et al., 2013).
More recently in rodent models, activity in the VTA to NAc
pathway has also been shown to causally and bidirectionally
regulate mood disorder related behavioral phenotypes in the
tail suspension, forced swim test (FST), sucrose preference
and chronic social defeat stress tests (Chaudhury et al.,
2013; Tye et al., 2013; Friedman et al., 2014)
Prior work has shown that VTA acetylcholine receptors
(AChRs) regulate drug cue-related behavior, including
cue-induced drug seeking (Lof et al., 2007; Zhou et al.,
2007; Solecki et al., 2013). Our recent data revealed that
pharmacologically increasing cholinergic tone in the VTA
is also sufﬁcient to produce pro-depressive, anxiogeniclike and anhedonic-like behavioral responses. In contrast,
blockade of VTA muscarinic acetylcholine receptors

Drug addiction is a chronic and relapsing brain disease
(Hyman et al., 2006; Fattore and Diana, 2016) characterized by an increased susceptibility to drug relapse during
periods of drug abstinence (Shaham and Hope, 2005;
Sinha, 2013). Drug addiction is also often co-morbid with
mood-related disorders, including depression and anxiety
(Conway et al., 2006). Moreover, symptoms of depression
and anxiety during periods of drug abstinence can increase
craving intensity and are reliable predictors of drug relapse
(Back et al., 2010; Sinha et al., 2011; Schellekens et al.,
2015; Fatseas et al., 2018). Indeed, higher depression and
anxiety scores in drug abusers are associated with heightened reactivity to drug cues (Feldstein Ewing et al., 2010).
Both human and preclinical rodent studies have highlighted
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(mAChRs) or nicotinic acetylcholine receptors (nAChRs)
produces an antidepressant-like effect in the FST (Addy
et al., 2015a). However, it is unknown whether VTA cholinergic mechanisms mediate behaviors associated with
comorbid substance use disorders and mood or anxiety disorders during cocaine abstinence. Here, we trained rats to
self-administer intravenous (i.v.) cocaine or saline for
10 days followed by a 14-day period of forced abstinence,
and then examined cue-induced drug-seeking behavior or
anxiety-related behavior during abstinence. First, we determined whether VTA mAChR or nAChR blockade altered
cue-induced cocaine-seeking behavior. Secondly, we
examined whether cocaine abstinence led to anxiogenic
response in the EPM. Finally, we investigated whether
VTA AChR blockade altered EPM behavioral responses in
cocaine naïve and cocaine abstinent rats.
Our data, revealing the ability of AChR blockade to alter
cocaine-seeking and EPM behavior, is an important addition
demonstrating common VTA cholinergic mechanisms
that mediate both substance abuse and anxiety-related
behavior. In our rat model, we also found that cocaine selfadministration and 14 days of forced abstinence produced an
anxiogenic effect that was reversed by AChR blockade in the
VTA. Thus, VTA mAChR or nAChR blockade, respectively,
attenuated both cue-induced drug-relapse and abstinenceinduced anxiogenic responses. Taken together, these ﬁndings
have important implications regarding cholinergic receptors
mechanisms that could serve as possible therapeutic targets
for comorbid substance use and anxiety-related disorders.

EXPERIMENTAL PROCEDURES
Animals and surgery
A total of 167 adult male Sprague Dawley rats were used in
this study. (250–279 g; Charles River Laboratories, Wilmington, MA, USA) Upon arrival, rats were doubly housed
and allowed to acclimate to the housing facility for 7 days.
Rats were maintained under a 12 h light/dark cycle with climate control between 22 and 24 °C. Food and water was
available ad libitum unless noted otherwise. All experiments
were conducted according to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
and were approved by the Yale University Institutional Animal
Care and Use Committee. All surgical procedures were performed using aseptic techniques. In preparation for surgery,
rats were anesthetized with ketamine HCl (100 mg/kg, i.p.,
Henry Schein, NY, USA) and xylazine (10 mg/kg, i.p., Henry
Schein, NY, USA), and placed in a stereotaxic frame (David
Kopf Instruments, Tujunga, CA, USA). Prior to surgical incision, rats received administration of the long-acting nonsteroidal anti-inﬂammatory drug, carprofen (5 mg/kg s.c., Henry
Schein, NY, USA) and were implanted with a bilateral cannula
targeting the VTA and a chronic indwelling catheter in the right
jugular vein, as previously described (McFarland and Kalivas,
2001; Solecki et al., 2013) All coordinates were obtained from
the rat brain atlas (Paxinos and Watson, 2007) with anteroposterior (AP), mediolateral (ML) and dorsoventral (DV) positions referenced from Bregma. A bilateral cannula (Plastics
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One, Roanoke, VA, USA) spaced 1 mm apart was placed
1 mm above the VTA (AP − 5.2 to − 5.4 mm, ML ± 0.5 mm,
DV − 8.1 mm from skull) (Paxinos and Watson, 2007) and
secured to the skull using screws (Gexpro, High Point, NC,
USA) and dental cement (Dentsply, Milford, DE, USA). After
surgery, rats were singly housed and allowed to recover for
5–7 days before behavioral training and/or testing.

Intravenous cocaine and saline self-administration
Self-administration training started after 5–7 days of surgical recovery and was preceded by 2–3 days of food restriction to ∼ 90% of free feeding body weight levels. Each rat
received 2 h daily training sessions for 10 consecutive days
and training was performed in standard operant chambers,
illuminated by a house light (Med Associate, St. Albans,
USA). Rats were trained under ﬁxed ratio 1 (FR1) schedule
of reinforcement during which each active lever press led to
intravenous cocaine (0.18 mg over 6 s, ∼ 0.5 mg/kg) or saline (0.9%) infusion and conditioned stimulus (CS) cue presentation (tone + stimulus light for 6 s), followed by a 6 s
timeout period, during which active lever pressing was
recorded but resulted in no programmed consequence.
Throughout training, inactive lever presses had no programmed consequence. Acquisition of stable cocaine selfadministration behavior was deﬁned as less than 15% variability in total active lever pressing over 3 consecutive days.
At the completion of 10-day cocaine self-administration,
catheter patency was assessed by infusing 200 μl of
2.5 mg/ml Brevital (Henry Schein, NY, USA) into the catheter and observing mild loss of muscle tone and the righting
reﬂex. 18 rats were not responsive to the Brevital, reﬂecting
a non-patent catheter and were eliminated from the study
and from all analyses.

VTA drug administration
For intra-VTA drug infusion, bilateral internal cannula were
inserted into the guide cannula and extended 1 mm beyond
the guide to be in the VTA. Drugs were delivered in a 0.3 μl
volume infused over 2 min via a micro-infusion pump and
syringe (25 gauge, Hamilton Syringe, Reno, NE, USA).
After the 2 min infusion was complete, the internal cannulae
were left in place for 1 min to allow for complete diffusion of
the drug. The non-selective nicotinic and muscarinic receptor antagonists mecamylamine and scopolamine, respectively, were dissolved in 0.9% saline. The selection of
doses for the mecamylamine (0, 10, and 30 μg) and scopolamine (0, 2.4, and 24 μg) were based on previously published data showing the behavioral effectiveness of these
VTA infusion doses (Sharf et al., 2006; Schmidt et al.,
2009;Solecki et al., 2013 ; Addy et al., 2015a). Importantly,
we previously demonstrated that these behaviorally relevant doses had no effect on general locomotor activity
(Solecki et al., 2013; Addy et al., 2015a).

Cue-induced cocaine-seeking test
After cocaine self-administration training, rats underwent
14 days of forced abstinence in their home cages without
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exposure to cocaine or cues. This abstinence period was
chosen based on prior data demonstrating increased lever
pressing in cue-induced reinstatement and more robust
DA sensitization following at least 2 weeks of abstinence
(Heidbreder et al., 1996; Grimm et al., 2002). On abstinence
day 14, rats were returned to the operant chamber for a 2 h
cue-induced cocaine-seeking session, where active lever
presses led to the CS presentation alone (light + tone) with
no cocaine delivery. Inactive lever presses had no programmed consequences. Intra-VTA infusion of pharmacological agents was performed immediately prior to the cueinduced cocaine-seeking test.

Elevated plus maze
The elevated plus maze (EPM) is a plus-shaped maze elevated 70 cm above the ﬂoor, that contains a center zone,
two open arms, and two enclosed arms. Immediately prior
to the 5-min experiment, all rats were infused with either saline or drug into the VTA to control for the behavioral effects
that may be produced by gently restraining the rat for VTA
infusion. Following either saline or drug infusion into the
VTA, rats were placed in the center of the maze and an
overhead video camera and the computer software AnyMaze (Stoelting Company, Wooddale, IL, USA) quantiﬁed
time spent in center zone, open arms, and closed arms.
Number of entries into the open arm and total distance traveled were also recorded. The maze was wiped down with
a 70% ethanol solution between test sessions to prevent
bias from the scent of the previous rat.

Histological veriﬁcation
At the completion of all behavioral experiments, rats received
a systemic, lethal dose of pentobarbital (150 mg/kg, i.p.) and
0.3 μl of Chicago Blue Dye was infused into the VTA over
2 min via a micro-infusion pump and syringe (25 gauge,
Hamilton Syringe, Reno, NE, USA). Rats were then sacriﬁced, brains were removed, transferred to 3.2% paraformaldehyde for 24 h and then stored in 30% sucrose. Rat brains
were placed in a rat brain matrix and sectioned to identify
the blue dye placements. 5 rats were excluded from the analysis due to misplacements.

Statistical analysis
GraphPad Prism 8 (Graph Pad Software, San Diego, CA.,
USA) and SPSS 24 (IBM, Armonk, New York, USA) were
used to conduct statistical analyses. A two-way repeated
measures ANOVA was used to analyze cocaine selfadministration training data and to verify that groups did
not statistically differ in self-administration training behavior,
prior to VTA manipulations on test day. The cue-induced
cocaine-seeking test data was also analyzed using a twoway repeated measures ANOVA, where lever (active versus inactive) and VTA drug (vehicle versus drug) were the
factors. If the two-way ANOVA revealed a signiﬁcant main
effect of drug or lever, or revealed an interaction, a Bonferroni post-hoc analysis was performed to compare between
speciﬁc drug doses or levers. The within-session active

lever presses were analyzed using a two-way repeated
measures ANOVA, where dose and time were the factors.
If the two-way ANOVA revealed a signiﬁcant main effect of
dose or time, or revealed an interaction, a Bonferroni posthoc analysis was performed to compare between speciﬁc
dose and time. The EPM data for cocaine naive rats were
analyzed using a one-way ANOVA. If there was a signiﬁcant
main effect, a Bonferroni post hoc analysis was performed
to compare between the groups. For EPM data analysis
after cocaine abstinence (Fig. 4), a t-test was used to determine if time spent in the open arms differed between i.v. saline vs. i.v. cocaine groups. For cocaine abstinence EPM
experiments, a factorial ANOVA was performed with i.v.
drug and VTA drug as factors, and time spent in the open
arms as the dependent variable. If the ANOVA revealed a
signiﬁcant main effect, a Bonferroni post-hoc analysis was
performed to compare between speciﬁc drug groups.
Groups were tested for normal distributions and equal variance using the Shaprio-Wilk and Mauchly's tests. If
sampled data were found to violate normal distributions
and equal variances, different parametric such as the
Brown-Forsythe test were used to account for unequal distributions and variances.

RESULTS
Blockade of VTA muscarinic receptors decreases
cue-induced cocaine seeking
To determine if VTA muscarinic receptor blockade alters
cue-induced cocaine-seeking, we ﬁrst trained rats to selfadminister cocaine (~ 0.5 mg/kg/infusion) (Fig. 1A). Rats
readily acquired cocaine self-administration behavior
over a 10-day period, as revealed by a main effect of lever
(F1, 34 = 113.9, P < .01, data not shown) and by a signiﬁcant lever x day interaction (F9,306 = 7.43, P < .001, data
not shown). Importantly, rats that would subsequently
receive vehicle or scopolamine during the cocaine-seeking
test (vehicle or scopolamine) showed no a priori, between
group differences in active lever presses (F2, 15 = 0.06,
P = .95, Fig. 1B), inactive lever presses (F2, 15 = 1.29,
P = .31, Fig. 1B), or number of cocaine infusions (F2, 15 =
0.19, P = .16, data not shown) during self-administration
training. On abstinence day 14, VTA infusion of scopolamine signiﬁcantly reduced cue-induced cocaine-seeking,
as shown by a main effect of drug (F2, 15 = 16.84,
P < .001, Fig. 1C) and by a signiﬁcant drug x lever interaction (F2, 15 = 29.78, P < .001, Fig. 1C). Post-hoc analysis
further revealed a signiﬁcant difference in active lever
responding in vehicle versus 2.4 μg scopolamine infused
rats (P < .001, t-test with a Bonferroni correction, Fig. 1C)
and between the vehicle versus 24 μg scopolamine infused
rats (P < .001, t-test with a Bonferroni correction, Fig. 1C).
There was no signiﬁcant difference in inactive lever
responding between vehicle versus 2.4 μg and vehicle versus 24 μg scopolamine (P > .99, t-test with a Bonferroni
correction, Fig. 1C). On abstinence day 14, VTA infusion
of scopolamine signiﬁcantly reduced active lever responding during the ﬁrst 30 min of the cue-seeking test, as shown
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A separate cohort of rats was trained to self-administered
cocaine (~ 0.5 mg/kg/infusion) for ten days (Fig. 2A), and
readily acquired the behavior as revealed by a main effect
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correction, Fig. 1D) and between the vehicle versus 24 μg scopolamine infused rats (P < .001, t-test with a Bonferroni correction, Fig. 1D). VTA placement and injection sites are shown
(Fig. 1E). Importantly, prior work from our laboratory has
demonstrated that VTA scopolamine infusion does not affect
locomotor activity (Solecki et al., 2013; Addy et al., 2015a).
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Fig. 1. Intra-VTA scopolamine attenuates cue-induced cocaine seeking.
(A) Experimental timeline. (B) Cocaine self-administration training showing active vs. inactive lever presses, based on experimental assignments
for the cue-induced cocaine-seeking test. (C) VTA scopolamine reduces
active lever responding but not inactive lever responding. (D) VTA scopolamine attenuates within-session responding on the active lever. (E) Histological veriﬁcation of VTA infusion placement. Error bars indicate the
standard error from the mean (SEM). * P < .001 (active lever for 0 vs.
2.4 μg scopolamine and 0 vs. 24 μg scopolamine, post-hoc with Bonferroni correction).

by a main effect of drug (F2, 15 = 49.45, P < .001, Fig. 1D)
and by a signiﬁcant drug x time interaction (F22, 165 =
4.103, P < .001, Fig. 1D). Post-hoc analysis further
revealed a signiﬁcant difference in active lever responding
in the ﬁrst 30 min between vehicle versus 2.4 μg scopolamine infused rats (P < .001, t-test with a Bonferroni
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Fig. 2. Intra-VTA mecamylamine attenuates cue-induced cocaine seeking. (A) Experimental timeline. (B) Cocaine self-administration training
showing active vs. inactive lever presses, based on experimental
assignments for the cue-induced cocaine-seeking test. (C) VTA mecamylamine reduces active lever responding but not inactive lever pressing. (D) VTA scopolamine attenuates within-session responding on the
active lever. Error bars indicate the standard error from the mean
(SEM). * P < .001, (active lever for 0 vs. 10 μg mecamylamine and 0
vs. 30 μg mecamylamine, post-hoc with Bonferroni correction).
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VTA muscarinic and nicotinic receptor blockade
in cocaine naïve rats produces an anxiolytic-like
behavioral phenotype
In the EPM test, we sought to examine the effects of VTA
cholinergic receptor blockade on anxiety-like behavior
(Fig. 3A). On test day, VTA infusion of scopolamine signiﬁcantly increased the time spent in the open arms, as
revealed by a signiﬁcant main effect of drug (F2, 26 = 7.13,
P < .01, Fig. 3B). Post-hoc analysis further revealed a signiﬁcant difference between vehicle and 24 μg scopolamine
infused rats (P < .001, t-test with a Bonferroni correction,
Fig. 3B). VTA infusion of scopolamine did not affect number
of open arm entries (F2, 26 = 0.28, P > .05, data not shown)
or total distance traveled (F2,26 = 0.57, P > .05, data not
shown) between groups. In a separate group of rats, VTA
infusion of mecamylamine also signiﬁcantly increased the
time spent in the open arms, as revealed by a signiﬁcant
main effect of drug (F2, 24 = 13.71, P < .0001, Fig. 3C).
Post-hoc analysis further revealed a signiﬁcant difference
between vehicle treated and 30 μg mecamylamine treated
rats (P < .0001, t-test with a Bonferroni correction,
Fig. 3C). VTA infusion of mecamylamine did not affect
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of lever (F1, 42 = 167, P < .001, data not shown) and by a signiﬁcant lever x day interaction (F9,378 = 7.00, P < .001, data
not shown). Importantly, rats that were vehicle or mecamylamine for the cocaine-seeking test groups showed no a priori,
between group differences in active lever presses (F2, 19 =
0.31, P = .74, Fig. 2B), inactive lever presses (F2, 19 = 3.10,
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Fig. 3. Intra-VTA scopolamine or mecamylamine produces anxiolytic
effects in cocaine naïve rats. (A) Experimental timeline. (B) VTA scopolamine or (C) VTA mecamylamine infusion led to increased open arm time in
the elevated plus maze. Error bars indicate the standard error from the
mean (SEM). * P < .05, (open arm time for 0 vs. 2.4 μg scopolamine
and 0 vs. 30 μg scopolamine, post-hoc with Bonferroni correction).

number of open arm entries (F2, 24 = 1.30, P > .05, data
not shown) or total distance travel (F2, 24 = 0.23, P > .05,
data not shown) between groups.

Cocaine self-administration and forced abstinence produces an anxiogenic-like phenotype
A group of rats were trained to self-administer cocaine
(~ 0.5 mg/kg/infusion) or saline for 10 days (Fig. 4A).
Cocaine trained rats showed behavioral acquisition, as
revealed by a main effect of lever (F1, 80 = 166.6,
P < .0001, Fig. 4B) and by a signiﬁcant lever x day interaction (F9,80 = 2.66, P < .05, Fig. 4B). Rats that were trained
to self-administer saline for 10 days also discriminated
between the active and inactive lever, as revealed by a
main effect of lever (F1,90 = 58.89, P < .001, Fig. 4B), but
showed no signiﬁcant lever x day interaction (F9, 90 =
0.61, P < .05, Fig. 4B). On abstinence day 14, rats were
tested on the EPM. Cocaine abstinent rats spent signiﬁcantly
less time in the open arm compared to saline abstinent rats
(t17 = 4.18, P < .001, Fig. 4C). Cocaine abstinent rats did
not differ on number of open arm entries (t17 = 0.09,
P > .05, data not shown) or total distance traveled (t17 =
0.08, P > .05, data not shown) vs. saline abstinent rats.
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Blockade of VTA muscarinic receptors reverses
the anxiogenic effects of cocaine abstinence
To determine whether VTA muscarinic receptor blockade
would alter the anxiogenic effects of cocaine abstinence,
we ﬁrst trained rats to self-administer cocaine (~ 0.5 mg/
kg/infusion) or saline for 10 days (Fig. 5A). Rats readily
acquired the cocaine self-administration behavior, as
revealed by a main effect of lever (F1, 19 = 137.8,
P < .0001, data not shown) and by a signiﬁcant lever x
day interaction (F9,171 = 22.52, P < .0001, data not shown).
Importantly, rats assigned to vehicle or scopolamine groups
on abstinence day 14 showed no a priori, between group
differences in active lever presses (F2,17 = 0.31, P = .73,
Fig. 5B), inactive lever presses (F2,17 = 1.02, P = .38,
Fig. 5B), or number of cocaine infusions (F2,17 = 0.38,
P = .69, data not shown) during training. Rats that were
trained to self-administer saline for 10 days also discriminated between the active and inactive lever, as revealed
by a main effect of lever (F1,50 = 35.62, P < .0001,
Fig. 5B), but showed no signiﬁcant lever x day interaction
(F9, 50 = 0.72, P > .05, Fig. 5B) On abstinence day 14,
cocaine abstinent rats showed a signiﬁcant decrease in
time spent in the open arms as revealed by a signiﬁcant
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Fig. 5. Intra-VTA scopolamine reverses the anxiogenic effects of
cocaine abstinence. (A) Experimental timeline. (B) Self-administration
training active vs. inactive data for intravenous cocaine and saline rats,
based on experimental assignments for the subsequent elevated plus
maze test. (C) Cocaine abstinence led to decreased open arm time that
was reversed by VTA administration of 2.4 μg or 24 μg scopolamine. #
P < .05 (open arm time in cocaine abstinent vs. saline abstinent rats,
factorial ANOVA), * P < .05 (open arm time in 0 vs. 2.4 μg scopolamine
and 0 vs. 24 μg scopolamine rats).

main effect of abstinence group (F1,26 = 10.10, P < .01,
Fig. 5C). There was also a signiﬁcant effect of VTA drug
treatment (F2, 26 = 4.64, P < .05, Fig. 5C) on time spent in
the open arms in the cocaine abstinent rats. Bonferroni corrected post-hoc analysis further revealed a signiﬁcant difference between the 2.4 μg and 24 μg versus the 0 μg
scopolamine group in the cocaine abstinent rats
(P < .001), with the 2.4 μg and 24 μg dose spending more
time in the open arms compared to 0 μg dose. Furthermore,
cocaine abstinent rats that received the 2.4 μg and 24 μg
scopolamine showed no difference in open arm time compared to saline abstinence rats (P > .05). Number of open
arm entries (F2, 26 = 1.08, P > .05, data not shown) and
total distance traveled (F2, 26 = 0.61, P > .05, data not
shown) were not signiﬁcantly different between treatment
groups. Together, the data reveal that scopolamine infusion
at either the 2.4 μg or 24 μg dose was sufﬁcient to reverse
the anxiogenic effect of cocaine abstinence.
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Blockade of VTA nicotinic receptors reverses the
anxiogenic effects of cocaine abstinence
To determine whether VTA nicotinic receptor blockade also
alters the anxiogenic effects of cocaine withdrawal, we
trained another cohort of rats to self-administer cocaine
(~ 0.5 mg/kg/infusion) or saline for 10 days (Fig. 6A).
Cocaine self-administration behavior was readily acquired
as revealed by a main effect of lever (F1, 19 = 147.2,
P < .0001, data not shown) and by a signiﬁcant lever x
day interaction (F9,171 = 22.38 P < .0001, data not shown).
Importantly, abstinence day 14 vehicle and mecamylamine
rats showed no between group differences in active lever
presses (F2,17 = 0.15, P = .86, Fig. 6B), inactive lever
presses (F2,17 = 1.34, P = .28, Fig. 6B), or number of
cocaine infusions (F2,17 = 0.07, P = .93, data not shown)
during training. Rats that were trained to self-administer saline for 10 days also discriminated between the active and
inactive lever, as revealed by a main effect of lever
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(F1,40 = 6.90, P < .0001, Fig. 6B), but showed no signiﬁcant
lever x day interaction (F9, 40 = 0.72, P > .05, Fig. 6B). On
abstinence day 14, rats that previously received cocaine
showed a signiﬁcant decrease in time spent in the open
arms, as revealed by a signiﬁcant main effect of abstinence
group (F1,25 = 4.80, P < .05). There was also a signiﬁcant
effect of VTA drug infusion (F2, 25 = 12.35, P < .001, Fig.
6C) on time spent in the open arms in cocaine abstinent
rats. Bonferroni corrected post-hoc analysis in cocaine
abstinent rats further revealed a signiﬁcant increase in open
arm time in the 10 μg group compared to 0 μg and 30 μg
groups (P < .001, Fig. 6C), Furthermore, cocaine abstinent
rats receiving the 10 μg mecamylamine infusion showed
no open arm difference compared to saline abstinent rats
(P > .05, Fig. 6C). Number of open arm entries (F2, 25 =
2.00, P > .05, data not shown) and total distance traveled
(F2, 25 = 1.50, P > .05, data not shown) was not signiﬁcantly
different between treatment groups Thus, the 10 μg, but not
the 30 μg mecamylamine, infusion was sufﬁcient to reverse
the cocaine abstinence-induced anxiogenic effect.
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Fig. 6. Intra-VTA mecamylamine reverses the anxiogenic effect of
cocaine abstinence. (A) Experimental timeline. (B) Self-administration
training active vs. inactive data for intravenous cocaine and saline rats,
based on experimental assignment for the subsequent elevated plus
maze test. (C) Cocaine abstinence led to decreased open arm time that
was reversed by VTA administration of 30 μg mecamylamine. Error
bars indicate the standard error from the mean (SEM). # P < .05 (open
arm time in cocaine abstinent vs. saline abstinent rats, factorial
ANOVA), * P < .01 (open arm time in 0 vs. 10 μg mecamylamine rats).

Here, we examined whether VTA acetylcholine receptors
mediate cue-induced cocaine-seeking and anxiety-related
behavior following cocaine abstinence. Our data revealed
that either VTA mAChR or nAChR blockade with scopolamine or mecamylamine, respectively, robustly attenuated
cue-induced cocaine seeking on abstinence day 14. In
cocaine naive rats, blockade of VTA muscarinic or nicotinic
receptors also produced an anxiolytic-like effect, as
reﬂected by increased open arm time in the EPM test. In
contrast, 14-day cocaine abstinent rats showed an
anxiogenic-like effect when tested on the EPM, as reﬂected
by decreased open arm time compared to saline abstinent
rats. Furthermore, blockade of either VTA mAChRs or
nAChRs was sufﬁcient to attenuate the decrease in open
arm time observed in of cocaine abstinent rats. Indeed, scopolamine and mecamylamine doses that did not alter EPM
behavior in cocaine naïve animals were the doses that
reversed the cocaine-induced anxiogenic effects. Together,
our data reveals an overlapping role for VTA muscarinic and
nicotinic receptors in mediating cue-induced cocaineseeking and an anxiety-related behavior during cocaine
abstinence. These data provide support for future investigations to determine the dual role of VTA cholinergic receptors
as a therapeutic target to treat cocaine craving and the
anxiety-related symptoms during drug abstinence.
Craving and mood-related symptoms in humans are common during abstinence and can facilitate resumed drug use
(Shaham and Hope, 2005; Fox et al., 2014; DiGirolamo et
al., 2017). Yet, there are no currently approved pharmacotherapies for cocaine craving and the negative affect present during cocaine abstinence. Our current work shows
that VTA muscarinic and nicotinic receptor blockade
decreased cue-induced cocaine seeking on abstinence
day 14, consistent with our previous ﬁndings showing the
ability of nAChR blockade to decrease cue-induced
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cocaine-seeking on abstinence day 3 (Solecki et al., 2013).
It has also been reported that intra-VTA infusions of muscarinic and nicotinic receptor antagonists, respectively, attenuated the ability of increased VTA cholinergic tone by
neostigmine to induce reinstatement of cocaine seeking in
rats following extinction training (You et al., 2008). Despite
being consistent with our own data, our experimental
approach and question were different. In the current study,
rats did not receive an extinction trail following cocaine
self-administration or a pharmacological manipulation to
reinstate cocaine seeking behavior. Rather, our research
question focused on the ability of VTA muscarinic and nicotinic receptor blockade to attenuate cue-induced cocaine
seeking during forced abstinence. Indeed, emerging literature continues to demonstrate the ability of cholinergic
mechanisms (Berizzi et al., 2018) and speciﬁcally VTA cholinergic mechanisms (Lof et al., 2007; Zhou et al., 2007; You
et al., 2008; Solecki et al., 2013) to alter cue-mediated drugseeking behaviors. In addition to cue-induced cocaine seeking, VTA mAChR and nAChR blockade also attenuates
other components of cocaine reinforcement behavior such
as the acquisition and expression of cocaine conditioned
place preference (CPP) (Shinohara et al., 2014). It is also
possible that cholinergic receptors outside the VTA contribute to cocaine-related behaviors. Indeed, systemic injection of the non-selective nicotinic receptor antagonist
mecamylamine during cocaine abstinence prevents the
development of cocaine sensitization for a cocaine challenge given after up to 14 days of withdrawal (Schoffelmeer
et al., 2002; Szabo et al., 2014). In terms of receptor
subtype-speciﬁc mAChR effects, genetically altered mice
lacking the muscarinic M5 receptor display slower acquisition of cocaine-self administration, spend less time in a
cocaine-paired chamber in cocaine CPP, and experience
less cocaine-induced withdrawal behaviors (Fink-Jensen
et al., 2003). Interestingly, mecamylamine given to human
cocaine addicts decreases the ability of cocaine-paired
cues to induce feelings of cocaine craving (Reid et al.,
1999). Together, our current ﬁndings and the previous literature evidence continue to demonstrate the ability of mAChR
and nAChR mechanisms to mediate cocaine-related behaviors following days to weeks of abstinence.
Increasing cholinergic tone with the anti-cholinesterase
inhibitor physostigmine can induce symptoms of depression
and anxiety in healthy humans without substance abuse
disorder and those with a prior history of mood-related disorders including unipolar and bipolar depression (Janowsky
et al., 1980; Risch et al., 1980; Dulawa and Janowsky,
2018). In preclinical rodent studies, increasing cholinergic
tone also produces pro-depressive and anxiogenic
responses as measured by the tail suspension test (TST),
the forced swim test, the light/dark test, and the elevated
plus maze (Mineur et al., 2013; Small et al., 2016; Mineur
et al., 2018a). Increasing cholinergic tone speciﬁcally in
the VTA decreases time spent in the open arms in the
EPM, increases immobility time in the FST, and decreases
sucrose preference, all consistent with anxiogenic, prodepressive, and anhedonic-like effects (Addy et al., 2015a;
Small et al., 2016). In contrast to VTA AChR activation,
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our current data demonstrates that blockade of either
mAChRs or nAChRs in the VTA produces robust anxiolytic
effects in the EPM. In addition, we have previously demonstrated that blockade of VTA mAChRs or nAChRs produces
antidepressant-like effects in the FST (Addy et al., 2015a).
Together, these ﬁndings point to the utility of AChRs as therapeutic targets with potential antidepressant and anxiolytic
efﬁcacy. Indeed, systemic administration of scopolamine
or mecamylamine has been shown to produce
antidepressant-like and anxiolytic-like responses in the
TST, FST, and EPM (Andreasen et al., 2009; Andreasen
and Redrobe, 2009; Voleti et al., 2013; Wohleb et al.,
2016). In humans studies, consistent with the cholinergic
hypothesis of depression (Dulawa and Janowsky, 2018)
scopolamine has been shown to produce rapid and robust
anti-depressant and anxiolytic effects in unipolar and bipolar
patients (Furey and Drevets, 2006; Furey et al., 2010).
While the preclinical evidence thus far has focused on prefrontal cortex M1 mAChR mechanisms that mediate the
rapid antidepressant effects of scopolamine further examinations of midbrain mAChR mechanisms regulating
anxiety-related phenotypes are still needed.
Abstinence from cocaine in humans can also produce a
variety of adverse mood-related symptoms including
depression and anxiety (Gawin, 1991). Our work demonstrates the ability of VTA AChR blockade to not only attenuate cue-induced cocaine seeking but also the robust
phenotype that emerges on the EPM during forced abstinence from cocaine as reﬂected by a reduction of time spent
in the open arm. Consistent with our work, others have
found that experimenter delivered cocaine followed by
abstinence ranging from 24 h to 4 weeks reduces time
spent in the open arms (Sarnyai et al., 1995; Erb et al.,
2006; Rudoy and Van Bockstaele, 2007; Perrine et al.,
2008; Santucci and Madeira, 2008; de Oliveira Cito Mdo et
al., 2012; El Hage et al., 2012). In contrast to experimenter
delivered cocaine, EPM experiments after I.V. cocaine
self-administration are fewer and with more mixed results.
In these experiments, shorter periods of cocaine abstinence
have been found to decrease time spent in the open arms
on the EPM, while longer periods have had no effect
(Buffalari et al., 2012). However, longer abstinent periods
from cocaine have been shown to produce an anxiogenic
effect on the EPM in the context of a stressor or cue associated with cocaine intake (Erb et al., 2006). In another
experiment, extended access to cocaine for 14 days actually increased the amount of time rats spent in time in the
open arms, demonstrating and anxiolytic-like phenotype
(Mantsch et al., 2008). Despite the mixed results, there
are potential reasons why these results have been inconsistent. Factors such as length of exposure to cocaine,
extinction training following cocaine self-administration,
reinstatement, and exposure to stressors may contribute
to the inconsistent ﬁndings in the ability of cocaine abstinence to produce an anxiogenic-like effect on the EPM.
Nevertheless, our study demonstrates two important ﬁndings. First, rats trained to self-administer I.V. cocaine versus
I.V. saline for 10 days, followed by a forced abstinence period of 14 days displayed a robust anxiogenic-like effect on
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the EPM. Secondly, VTA nicotinic and muscarinic receptor
blockade attenuated both cue-induced cocaine seeking
and the anxiogenic-like effect on the EPM during cocaine
abstinence.
The nicotinic receptor antagonist, mecamylamine, attenuated both cue -induced cocaine seeking and anxiogenic-like
behavior, but at different effective doses for each behavior.
Mecamylamine at both doses tested (10 μg and 30 μg) attenuated cue-induced cocaine seeking, while only the low
dose (10 μg) reversed the anxiogenic-like response. It is
unclear why the high dose (30 μg) was ineffective at
increasing open arm time in cocaine exposed rats. However, cocaine use has been shown to effect VTA plasticity
and synaptic transmission of DA and GABA neurons
(Francis et al., 2019). Moreover, it has been demonstrated
that cocaine inhibits and facilitates desensitization of α6
nAChRs expressed on VTA DA neurons (Chen et al.,
2019). Therefore, a hypothetical mechanism is that cocaine
exposure and abstinence affect plasticity of VTA nAChR
subtype expression on DA and GABA neurons. As a result
of cocaine-induced plasticity, it is plausible that there is
a shift in the dose response curve of the nicotinic receptor
antagonist mecamylamine in attenuating the anxiogenic-like
phenotype in cocaine abstinent rats. In contrast, the muscarinic receptor antagonist scopolamine attenuated cue-induced
cocaine seeking and reversed the anxiogenic-like phenotype
at both doses tested (2.4 μg and 24 μg). Thus, it appears that
scopolamine is more effective at decreasing both cueinduced cocaine seeking and restoring open arm time across
different doses, compared to mecamylamine. However, we
have previously found that VTA scopolamine infusion also
decreases cue-induced sucrose seeking, whereas mecamylamine infusion does not alter sucrose-seeking (Addy et al.,
2015b). Thus, while mecamylamine may have a more limited
effective dose range for reversing cocaine's anxiogenic
effects, its attenuation of cue-induced reward-seeking
appears to be speciﬁc to cocaine (Solecki et al., 2013), without altering cue-induced seeking for a natural sucrose reward
(Addy et al., 2015b). Given the effectiveness of VTA mAChR
blockade to attenuate cocaine seeking and reverse anxiogenic responses during cocaine abstinence, it would be prudent to investigate receptor-subtype speciﬁc effects in future
investigations. For instance, it is possible that blockade of a
speciﬁc mAChR subtype may decrease cocaine seeking
and produce anxiolytic effects, without altering sucrose seeking. Furthermore, different subtypes of VTA AChRs may
potentially be involved in drug vs. natural cue-induced seeking, and in mediating different mood-related behaviors including anxiety and depression. Indeed, VTA nAChRs are
expressed pre- and post-synaptically on GABAergic, glutamatergic and cholinergic terminals, and on DA neurons, all
of which can regulate DA activity in the VTA to NAc pathway
(Picciotto et al., 1998; Klink et al., 2001; Zoli et al., 2002; Wu
et al., 2004; Yan et al., 2018). In particular, the nAChR α6β2
receptor subtype has been shown to regulate DA burst ﬁring
(Mameli-Engvall et al., 2006; Exley et al., 2008; Wickham et
al., 2013). One potential therapeutic target for further investigation is the M5 mAChR, as either genetic deletion or pharmacological inhibition of M5 has been shown to attenuate

cocaine self-administration behavior in rodents (Fink-Jensen
et al., 2003; Thomsen et al., 2005; Gunter et al., 2017). Speciﬁcally, the M5 mAChR is preferentially expressed in the midbrain, and evidence suggests that M5 expression is localized
to post-synaptic VTA DA neurons where M5 mAChRs regulate dopamine release (Vilaro et al., 1990; Weiner et al.,
1990; Steidl et al., 2011; Garzon and Pickel, 2013; Foster
et al., 2014). As a result, VTA M5 mAChRs may serve as possible therapeutic targets for dopamine-related disorders
including addiction, depression, and anxiety.
VTA muscarinic and nicotinic receptors regulate cueinduced cocaine seeking during early abstinence, in part,
by regulation of the mesolimbic dopamine system, including
the VTA to NAc pathway (Solecki et al., 2013). However, the
mechanism by which VTA muscarinic and nicotinic receptors regulate the anxiogenic effects of cocaine selfadministration and abstinence are unknown. Yet, work from
other labs has also revealed cholinergic receptor dysregulation in other brain areas, including the amygdala and hippocampus, which mediate depression and anxiety-related
behavior (Mineur et al., 2016; Mineur et al., 2018a,b).
Nevertheless, we hypothesize that VTA cholinergic receptor
regulation of phasic DA release in the VTA to NAc pathway
regulates both cocaine-seeking and the anxiogenic-like
phenotype during cocaine abstinence by attenuation of phasic DA activity. Indeed, work from several different labs has
shown a critical role for the VTA to NAc phasic DA release
in both drug-seeking and mood-disorder related behaviors
(Phillips et al., 2003; Chaudhury et al., 2013; Tye et al.,
2013). Recently, our laboratory has demonstrated that
VTA L-type calcium channel blockade with isradipine also
attenuates cocaine seeking by actually increasing VTA to
NAc phasic DA release (Addy et al., 2018). Therefore, our
laboratory has identiﬁed two different VTA receptor
mechanisms that both decrease cue-induced cocaine seeking during abstinence by either increasing or decreasing
phasic DA release in the NAc. Despite the apparent contradiction that increasing DA signaling also attenuates
cocaine-seeking, decreases in DA levels have been previously reported during cocaine abstinence (Parsons et al.,
1991). This is consistent with the DA depletion hypothesis
during cocaine abstinence (Rossetti et al., 1992; Blum
et al., 2015). It is possible then that the ability of isradipine
to restore DA levels during cocaine abstinence attenuates
the cocaine-seeking drive by alleviating the cocaineinduced dopamine depletion. Indeed, systemic injection of
either a D1/D2 agonist or the DA precursor L-Dopa is sufﬁcient to decrease cocaine reinstatement in rats (Hasbi
et al., 2017; Antinori et al., 2018). Thus, isradipine and other
DA replacement drugs may be useful to reduce cocaine
relapse by satisfying cocaine craving in human addicts as
a result of increased DA levels. Future experiments should
examine the ability of DA activating compounds to reduce
cocaine craving and anxiety.
One limitation of this study was the use of a single behavioral test to assess a complex construct such as anxiety.
Indeed, terms such as anxiogenic and anxiolytic behavior
are oversimpliﬁcations to describe time spent in either the
open or closed arms. Cocaine self-administration followed
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by periods of abstinence may also be affecting other
negative valence systems, which can contribute to an
anxiogenic-like effect on the EPM. It is likely that anxiety
overlaps with other behavioral constructs such as acute
threat, fear and risk assessment. Therefore, it is plausible
that the anxiogenic-like effect observed during cocaine
abstinence is a combination of multiple negative valence
constructs. Nevertheless, work from others have demonstrated that anxiogenic-like effects emerge during cocaine
abstinence on other behavioral models that measure anxiety such as the light/dark box, open ﬁeld test, and defensive
bury task (Erb et al., 2006; Santucci and Madeira, 2008;
Buffalari et al., 2012; de Oliveira Cito Mdo et al., 2012;
Georgiou et al., 2016). These ﬁndings using other behaviors
related to anxiety are consistent with and support the ﬁndings in our current study. Nevertheless, future behavioral
experiments should incorporate multiple behavioral paradigms that can adequately measure negative valence
based behaviors in tandem. Another potential limitation of
this study is the ability of impaired VTA cholinergic transmission to produce general deﬁcits in reward-related learning
and motor activity (Sharf et al., 2006; Galaj et al., 2017).
However, data from our laboratory has demonstrated that
these doses of mecamyalmine and scopolamine infused in
the VTA does not affect general locomotor activity (Solecki
et al., 2013; Addy et al., 2015a) Therefore, our results on
both cue-induced cocaine seeking and on the EPM appear
not to be related to general behavioral deﬁcits as a result of
disrupting VTA cholinergic transmission. Indeed, the ability
of VTA cholinergic receptor blockade to increase time spent
in the open arms in both cocaine naive and exposed rats
indicates that these VTA manipulations are not producing
non-speciﬁc motor suppressant effects.
In summary, our ﬁndings show that cholinergic receptor
antagonists injected into the VTA can disrupt relapse and
anxiety-related behaviors associated with repeated cocaine
administration and abstinence. These results demonstrate
the duality of VTA mAChRs and nAChRs in mediating both
cue-induced drug seeking, and anxiogenic-like behavior
during cocaine abstinence. Moreover, we propose that
VTA cholinergic receptor blockade likely disrupts cocainemediated plasticity that normally facilitates cue-induced
cocaine seeking and anxiety during periods of abstinence.
These data provide support for future investigations to
determine role of VTA mAChRs and nAChRs as a therapeutic target to treat both cocaine craving and anxiety associated with cocaine exposure and abstinence.
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